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Abstract. In the current world of engineering, structural vibration problems continue impact the 
design and construction of a wide range of products. Amid the parameters that determine the 
dynamic behaviour of a structure the one that takes into account the dissipation of energy resulting 
in the decay of the vibration is the least understood and the most difficult to quantify [1]. The 
estimation of damping factors is of interest in most branches of engineering sciences. In the field of 
aircraft structures the damping directly affects the fatigue life, a parameter which is applied 
conservatively due to the inherent complexity in modelling the damping of built up structures and 
the potentially catastrophic consequences of a fatigue failure. One of the most important problems 
is the limited knowledge of how joints affect the damping of the complete structure. This work 
therefore addresses this issue and focuses on the damping of joints in metal plates as part of a larger 
project to investigate the damping of built up structures. Various plate configurations are 
experimentally investigated using two different approaches. The results from the configurations are 
compared and discussed along with the advantages and disadvantages of each experimental 
approach. This enables a link to be identified between the damping magnitudes and the mode 
shapes and joint stiffnesses.  
 
Introduction 
It has been argued that many of the shortfalls in current dynamic models of built-up structures are 
due to the fact that the physics of joint dynamics are not fully understood [2,3] or properly 
represented in the models. In fact in many applications the damping parameters are generally 
thought to be almost chaotic in nature, seemingly affected even by small changes in their immediate 
environment. This makes the phenomenon very hard to model theoretically from first principles. 
Experimental analyses are therefore widely used to underpin any work in this area. There have been 
many experiments performed to measure the damping of simple lap joints in beams [4,5,6]. 
However these experiments focus on the mechanisms of damping and study simple mode shapes 
that do not include the effects of torsion. The work presented in this publication focuses on the 
damping in metal plates and therefore aims to study the link between the damping magnitude and 
the mode shape in greater detail.  
 
Experimental Configurations 
An extensive experimental test campaign was carried out with the aim of measuring the damping of 
jointed panels and comparing these values to an equivalent monolithic panel. The panels were sized 
to be large enough to have a significant mass but small enough to be manageable for testing. It was 
also desirable to avoid square panels, reducing the likelihood of unusual symmetrical modes. 
Therefore the ratio of length to height was chosen to be around 0.7. All the panels were cut from a 
single sheet of 6082-T6 Aluminium with a thickness of 2mm. The exact dimensions of the panels 
are displayed in Fig. 1. 
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Fig. 1: Experimental panel layout (not to scale, all dimensions in mm) 
 
Two jointed panels were constructed to allow the affect of two different types of fasteners to be 
investigated, namely bolts and rivets. The location and spacing of the fasteners were identical for 
both jointed panel configurations forming two lines with a separation distance of 30mm. 17 
fasteners were used in each configuration and were staggered as shown in Fig. 2.  
 
Fig. 2: Joint parameters (not to scale, all dimensions in mm) 
 
The three panel configurations were denoted as A, B and C for the monolithic, bolted and riveted 
panels respectively. A summary of these panel configurations can be seen in Table 1.  
 
Table 1: Summary of test configurations 
Configuration Mass (kg) Properties 
A 1.48 Monolithic Plate 
B 1.67 Bolted Joint 
C 1.59 Riveted Joint 
 
In order to determine the impact of the joint stiffness on the damping of the panel, configuration 
B was tested at three difference bolt torque magnitudes, 1.5, 3 and 4.5 Nm. This resulted in a total 
of five panel variations that would be subjected to experimental testing.  
 
Determining the Resonant Frequencies and Mode Shapes 
Before the damping of the panels could be studied in detail it was necessary to identify the first few 
resonant frequencies and their respective mode shapes. This was initially performed using Finite 
Element (FE) simulations as the theoretical results could be used to increase the efficiency of the 
equivalent experimental tests. The simulations were performed using ANSYS 7.1, and the models 
were created using SHELL63 and SHELL91 elements for the monolithic and jointed panels 
respectively [7]. An element size of 25mm was used for the monolithic simulation. The number of 
elements was increased for the jointed model (using an element size of 10mm) to increase the 
number of possible constraints along the width and length of the joint.  
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Table 2: Resonant frequencies and mode shapes for configuration A 
Resonances from 
FE Simulation 
(Hz) 
Resonances from 
Experimental 
Tests (Hz) 
Mode Type Mode Shape 
22.44 21.63 First torsional mode 
 
24.83 30.00 First longitudinal 
bending mode 
 
52.15 49.25 Second torsional mode 
 
53.78 51.69 First transverse 
bending mode 
 
65.39 63.19 First longitudinal and 
transverse bending 
mode 
 
75.01 75.75 Second longitudinal 
and transverse bending 
mode 
 
97.57 92.13 Third torsional mode 
 
109.58 102.56 Third longitudinal and 
transverse bending 
mode 
 
 
Initial trial simulations were performed using contact elements to simulate the plate joints. 
However, this form of simulation disallows the use of the modal analysis method, significantly 
increasing the difficulty in obtaining the modal solution of the problem. Therefore, as these models 
were only intended to be an approximate guide, more simplistic simulations were run. These were 
performed on two different models, the first of which incorporated a joint where all the nodes were 
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merged. The second incorporated a joint where half the nodes were merged together. These 
simulations produced initial resonant frequency estimates along with their corresponding mode 
shapes and identified seven resonant frequencies below 100Hz.  
The corresponding experimental tests were performed by suspending the panels using fishing 
wire from two support locations (as shown in Fig. 3) and exciting them at random locations using 
an impact hammer. The resultant accelerations were captured using four tear drop accelerometers, 
each having a mass of 0.6 grams. Each signal was analysed in the frequency domain using a Fast 
Fourier Transform (FFT) to determine the frequencies of the first eight modes. The accelerometer 
signals were studied along with their corresponding mounting locations to verify the mode shapes 
predicted from the finite element simulations. The results for the monolithic panel are displayed in 
Table 2. 
It can be seen from this data that in general the theoretical values correspond well with the 
experimental results. However the biggest discrepancy between the data sets is for the second 
mode. This is ascribed to the influence of the panel supports. The finite element simulations were 
run with no constraints, whereas the experimental panels were suspended from two support 
locations. When the displacement of the theoretical panel is constricted at the mounting points the 
first two natural frequencies become 24.83 and 33.47Hz. This suggests that the frequency of the 
second mode is more sensitive to the presence of panel supports. 
 
Initial Experimental Damping Tests 
The initial experimental damping tests were performed using twelve possible accelerometer 
locations (labelled 1-6 and R1-R6) and six impact hammer locations (points 1, 3, 5, R2, R4 and 
R6). The locations of these points are shown in Fig. 3. This layout enabled the accelerations of all 
eight modes to be captured with a good signal quality.  
 
Fig. 3: Accelerometer and impact hammer locations (not to scale, all dimensions in mm) 
 
The panels were excited using a pendulum mounted impact hammer and the accelerations were 
captured using two tear drop accelerometers, shown in Fig. 4(a) and Fig. 4(b) respectively. The 
accelerations were measured at six points for each hammer location and a total of five repeat tests 
were performed for each layout. This resulted in 30 signals being captured for each of the six 
hammer locations. Both the hammer and accelerometer signals were captured on a computer at a 
rate of 5000Hz. Each vibration response was analysed using a sonogram [8], plotting time against 
frequency, enabling the decay of each mode to be linearly interpolated. Initial tests were performed 
using both wax and glue mounted accelerometers. However it was found that this had no significant 
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effect on the measured damping magnitude. Wax was therefore used throughout the testing as the 
accelerometers had to be frequently moved between the mounting points. The results of the initial 
damping tests are displayed in Fig. 5. 
   
Fig. 4: Pendulum mounted impact hammer and tear drop accelerometer 
 
Fig. 5: Experimental loss factors determined from the initial experimental damping tests 
 
From this data it can be seen that the stiffer the joint is (i.e. as the bolt torques increase), the 
lower the loss factor. However, it can also be seen that some modes of vibration are more sensitive 
to a reduction in the joint stiffness than others. This is most noticeable for modes 1, 2 and 7. From 
previous research efforts into the mechanisms of joint damping [9,10,11,12], it can be found that 
the two damping mechanisms most commonly referred to are air-pumping and friction. In fact 
Wylie [13] identified that the damping due to air-pumping can be as much as half the modal 
damping magnitude. When the displacements of the joint edges were investigated using FE 
simulations it was found that modes 1 and 7 formed cross displacements along the joint (as shown 
in Fig. 6). These displacements attempt to open the joint via torsional modes of the panel. A similar 
conclusion can be made for mode 2 as this is a longitudinal bending mode (see table 2) and 
therefore increases the curvature across the joint. However the edge displacements for the other 
modes do not tend to significantly open the joint. In fact some mode shapes force the two plates 
together. It can therefore be concluded that the ‘cross’ torsional and longitudinal bending mode 
shapes are the most sensitive to the joint stiffness. These are to be referred to as ‘critical’ modes. It 
should also be noted that the damping magnitude is highest for the lower modes as the vibration 
(a) (b) 
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amplitude tends to be greater for the lower frequencies. It can also be seen from the data that the 
riveted joint loss factors are generally lower than those from the bolted joint.  
 
Fig. 6: Joint edge displacements for mode 1 
 
The average loss factors for each configuration shown in Fig. 5 are also presented with the 
standard deviation of the results and it can be seen that there are some results where this value is 
particularly high. This is the most noticeable for the first mode where the standard deviation of the 
loss factors for the monolithic panel is almost 50% of the averaged value. A scatter analysis was 
performed on this data to determine if there was a correlation between the accelerometer/hammer 
location and the magnitude of the loss factor. However no repeatable trend was found. This is also 
the only mode where the riveted joint loss factor is particularly high when compared to the data for 
configuration B. The high standard deviation and the abnormal order of the averages were thought 
to be primarily due to additional damping from the support mountings. This is also thought to have 
affected the results of the fourth (transverse bending) mode as the monolithic damping value is 
higher than the jointed damping value. It was therefore necessary to analyse each mode 
independently, whilst being supported from its nodal locations.  
 
Further Experimental Tests 
The node and anti-node locations for each mode were first determined using the FE models. This 
allowed each of the five experimental panel variations to be suspended and excited from their 
approximate node and anti-node locations respectively. The panels were again excited using the 
pendulum mounted impact hammer (shown previously in Fig. 4(a)). However the resultant 
accelerations were captured using one tear drop accelerometer mounted sequentially at four anti-
node locations using wax. The number of accelerometers used was reduced to a minimum as it was 
noted that even the thin wires attached to the accelerometers had a noticeable affect on the vibration 
decay of the panel. The number of modes analysed was increased to 12 as modes 9, 11 and 12 were 
also predicted to be ‘critical’ modes. Mode 9 was the second longitudinal bending mode and 11 and 
12 were both ‘cross’ torsional modes. A total of twenty five hammer hits were applied per mode per 
configuration. As the first twelve modes for each configuration were analysed, this resulted in a 
total number of hammer hits of 1500. The signals were captured and analysed as described 
previously for the initial damping tests. The experimental setup for mode 7, configuration A can be 
seen in Fig. 7. The results of this test campaign are displayed in Fig. 8. 
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Fig. 7: Experimental setup for mode 7, configuration A 
 
 
Fig. 8: Experimental loss factors determine for the five panel variations using variable support 
locations 
 
By studying this data it can initially be concluded that the standard deviation of the results have 
been improved significantly. The order of the configuration loss factor averages has also changed 
for mode 1, placing the riveted joint just above the monolithic plate. The loss factors for the non-
critical modes (3, 4, 5, 6, 8, 10) correlate well with the previous data shown in Fig. 5. The same 
trends are seen which suggests some level of consistency in the damping with respect to the mode 
shape. Modes 1, 2 and 7 again clearly display their sensitivity to the stiffness of the joint and the 
modes that were further identified as critical (through FE simulations) i.e. modes 9, 11 and 12 also 
display this stiffness sensitivity. However mode 11 appears to be the exception to this rule. This is 
due to the fact that although it is a ‘cross’ torsional mode, the displacements are very small when 
compared to the other similar mode shapes making it appear to act more like a non-critical mode.  
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Conclusions 
In this paper the damping magnitudes and the relationship between the loss factors and the mode 
shapes of various aluminium panels incorporating lap joints have been studied. Two experimental 
test setups were used involving fixed and variable support locations. It was concluded that some 
modes of vibration are very sensitive to a reduction in the joint stiffness as these modes attempt to 
open the joint through either bending or torsion of the plate. These mode shapes were therefore 
defined as ‘critical’ modes. Although the standard deviation of the data was higher for the fixed 
support experimental approach, the same trends can be seen in the results. This suggests that this 
experimental approach can be used confidently for larger panels where the use of variable supports 
becomes problematic. The data also suggests that riveted joints generally have a lower damping 
magnitude than bolted joints but this comparison is limited to the peak torques used in the tests. The 
general trend for the data is that the loss factors reduce for the higher modes. However the rate of 
reduction is dependent on the mode shape (i.e. if the mode is either critical or non critical) and the 
joint stiffness.  
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